graphic Data Committee (FGDC) (2002) develops standards for various aspects of spatial data. Three standards are directly relevant for CADD and/or GIS, including data accuracy, naming, symbology, attributing, and metadata. Small-scale FGDC accuracy standards for AEC drawings are typically based on project specifications, because site conditions vary across facilities. The FGDC standards include recommended positional accuracies for spatial data at military facilities depending on application, as shown in Table 2 . The FGDC also has standards for naming, symbology, and attributing that include feature classes, feature types, and a recommended minimum set of attributes for each. The FGDC metadata standard describes the minimum required metadata for spatial data.
The CADD/GIS Technology Center for Facilities, Infrastructure, and Environment is the FGDC working group for infrastructure issues. The center supports these issues within the Department of Defense and other participating government agencies and the private sector. NASA is an official member of the center. One of the center's major initiatives is developing the Spatial Data Standard for Facilities, Infrastructure, and Environment (SDSFIE). The SDSFIE is a voluntary, standardized grouping of geographically referenced features with "attached" attribute tables containing pertinent data about the geospatial features. This standard was the starting point for the FGDC Utilities Data Content Standard referenced above and is expected to eventually be a FGDC standard.
The AEC CADD Standard was also developed by the center to reduce redundant CADD standardization efforts among the center members. The standard was part of an initiative to consolidate existing CADD standards into a generic format for various CADD software packages. This initiative incorporated existing industry and/or national standards. The National Institute of Building Sciences in partnership with the American Institute of Architects and the Construction Specifications Institute generated the national CADD standard that is now an American National Standards Institute (ANSI) standard and is based on the AEC CADD standard. The center also has a relevant 1999 white paper on concepts related to CADD/GIS integration, as summarized in Table 3 (CADD/GIS Technology Center, 1999) .
The center supports consolidated object standards (COS) for CADD to enable free flow, multidirectional sharing of object data and information between software packages without duplicating or losing data content, structure, or semantics. According to Johnson Controls (interview, June 6, 2003) , the center rationalizes that object technology allows interoperability 234 
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Scope of evaluation project
Understand the past, current, and future processes to manage spatial data for the utility systems at LaRC by reviewing existing documents and interviewing those involved in the development process as follows:
NASA LaRC GIS team managers NASA LaRC GIS team interns ADG contractor Jacobs Sverdrup contractor
Interview the potential users to determine GIS needs. The users interviewed include:
Architecture, engineering, and construction contractors Operations and maintenance facilities contractors NASA security NASA full-cost management NASA facility management
Understand the applicable federal spatial data standards.
Evaluate the overall CADD/GIS effort for utilities at LaRC in terms of applicable standards, policies, user needs, and technological limitations. Highlight the LaRC applications/experience that may have general applicability in terms of utility management.
among disparate systems and supports integrated decision making. This year, 2004, is the anticipated year for standard development for utility objects, and 2011 to 2013 is the anticipated time frame for standards for dynamic features such as water flow.
International Alliance for Interoperability (IAI), operated by the National Institute of Building Sciences, also supports the CADD object model. The IAI began in North America in 1995 and focuses on construction research including CADD, costing, permitting, and facility lifecycle management. Its activities are based on a concept of interoperable, open data structures.
3
The Open GIS Consortium (OGC) is supporting a similar effort for object-based GIS models that are particularly useful for situations with complex interdependencies. OCG is an international industry consortium of 258 companies, government agencies, and universities that participate in a consensus process to develop standards so that spatial data available on the Internet can be used within a single environment.
As described above, many groups develop and promote standards for CADD and GIS data. However, as of summer 2003, NASA headquarters did not have an official policy regarding GIS and did not have agency-wide specifications regarding CADD as-built drawings. Draft documents and discussions in June 2003 with headquarters staff suggested that NASA supports using existing GIS standards across centers. Problems can be prevented by avoiding the use of certain graphic elements, converting complex graphic elements to simpler forms, using simple and standard text fonts, and controlling the layering and symbology.
Jones / INTEROPERABILITY ISSUES FOR UNDERGROUND UTILITIES 235
2.
The life-cycle use of the electronic data should be evaluated to determine the most useful and efficient means for data acquisition and digital map development.
3.
CADD technology should be used for engineering design drawings for construction-type projects.
4.
GIS technology should be used for planning, design, operations and maintenance, facility management, and disposal functions where the analysis of the stored nongraphic georeferenced data is the primary concern.
5.
If CADD-generated data files are used by a GIS, then edges of all digitized maps must exactly match with adjacent maps, digital representation of the common boundaries must be exactly the same, lines and line strings must be continuous, polygons must be closed and have a single centroid to which attributes can be attached, all graphic elements must connect digitally without overlaps or gaps, and straight lines must not cross back on themselves.
6.
Technical specifications should require that the contractor prepare and deliver metadata files along with final contract deliverables.
Context for the CADD/GIS Project at LaRC
LaRC is an 800-acre facility with nearly 400 buildings, 4,000 employees, and test structures that total 3.7 million gross square feet, with a 2003 replacement value of $4 billion. Figure 1 illustrates a 1999 aerial photograph of the facility. Utilities at LaRC include nine major systems: steam, compressed air, natural gas, electricity, telecommunications, water, sanitary sewage, storm water, and cooling. These utilities are primarily subsurface and are in a very congested space with routine construction activities. The facility is divided into approximately 193 sectors that are each 700 feet by 500 feet. Historically, the utility's as-built drawings at LaRC were managed using 30-foot scale "D" Mylar sheets for each LaRC sector. Original spatial accuracy for the Mylar drawings is within 0.1 inches for data collected and within 6 inches of the actual coordinates for the drawn locations (Jacobs Sverdrup, interview, June 10, 2003) .
Based on discussions with various LaRC representatives, the legacy spatial database for the utilities has been used to successfully avoid utility accidents. LaRC's ultimate goal for the utilities' portion of the spatial data seeks a single database that is managed at LaRC, is compatible with GIS technology, maintains safety, provides as-built drawings for general engineering and facilities use, and captures the corporate knowledge about utilities management that has historically been dispersed among various contractors. LaRC currently uses the Autodesk AutoCAD Map software for CADD applications. LaRC's GIS architecture is developed around ESRI's Spatial Database Engine (SDE) software and Oracle software. Users can implement nonproprietary Web tools to export automatically write-protected CADD compatible files, Adobe portable document format (PDF), and Microsoft PowerPoint files.
LaRC's GIS implementation project coincides with two relevant initiatives. First, several facility programs are being consolidated. The consolidation effort applies to facility operation and maintenance, AEC services, the entire CADD/GIS effort, and the construction dig-permit system for LaRC. Second, several laws were recently passed requiring all federal agencies to use full cost accounting. Full costing for all NASA centers intends to enhance cost-effective mission performance by providing complete cost information for more fully informed decision making and management. Table 4 presents a summary timeline of LaRC's steps to convert the legacy versions of the spatial utilities data to a GIS format. As shown, LaRC initiated a multiyear effort in the early 1990s that continues today. Overall, the objective was to ensure that resulting maps look like the Mylar originals but meet the electronic needs of the users. 4 LaRC refers to the combined electronic AutoCAD Map 6 drawing as the integrated data set or the facilities and/or electronic data set (FUED) and is the "as-built" for the underground utilities at LaRC. As of May 2001, the survey contractor stopped updating the sector drawings and only submits updates to the integrated FUED.
The LaRC GIS Project
The individual, digitized, sector drawings were consolidated by first developing a uniform georeferenced sector grid drawing with matching borders. The individual discrete sector drawings were combined at their borders by placing the lower left corner of each drawing at the origin of the respective sector grid in the uniform drawing. If the discrete sector drawing was larger than the grid, the drawing was trimmed. If the discrete sector drawing was smaller than the grid, the lines were extended along the existing angles. If there was a mismatch for utility systems at the sector border, then either a vertical line or a horizontal line (fix) was used between utility vectors at the sector border.
The contractor kept the layer names and symbology the same as on the digitized drawings. To maintain text notation for various utility lines, he used a temporary fix known as "wipe out." The wipe-out text displays on the plotted map and can be turned off or on for the electronic version; however, the wipe-out text does not move with the line and makes editing cumbersome. Unfortunately, the individual CADD drawings were inconsistent in terms of the layers used for
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Overall, the objective was to ensure that resulting maps look like the Mylar originals but meet the electronic needs of the users. similar data. For example, a telephone cable in one sector may be labeled "TELE" but in another sector was labeled "TELE_D." Other reported problems indicated that the individual discrete sector drawings were not consistently 750 feet by 500 feet, and the grids were not all the same. The contractor also noted that the LaRC GIS team and the survey contractor conflicted on various issues, and this resulted in many exceptions to the rules for the drawing cleanup process (ADG, interview, June 13, 2003) .
As shown in Table 4 , between summer 2003 and fall 2003, a team of LaRC interns, supervised by the GIS team managers, transformed the vector data from AutoCAD to ESRI's ArcGIS8. The interns did not permanently change the master FUED within CADD. The interns used various edits within AutoCAD to ensure continuous polylines. As an example, they took out the fixes at sector borders and moved each of the corresponding lines toward each other to match up. The interns also relied on supplemental drawings from LaRC utility personnel for additional spatial data, such as valve locations and piping. Most of this additional spatial data were not georeferenced; therefore, the interns used estimates for location. The updated AutoCAD data were then exported to ArcGIS8 format using the coordinate transformation 
Anticipated Uses for Utilities CADD/GIS at LaRC
The GIS team identified several potential uses for a utility GIS, as shown in Table 5 . The potential uses can be divided into four categories: asset management, AEC services, security and safety coordination, and communication. Asset management is a framework that incorporates multiple information sources for cost-effective investment decisions about assets. Assets include the utility infrastructure that supports the mission of an organization. Asset management was not an integrated process at LaRC as of summer 2003, however, three elements were in place that could serve as starting points. These three elements include the previously discussed full-cost program and the expected consolidation of facilities management, as well as a computerized maintenance management system. Integrated asset management is a feasible goal for LaRC if they consolidate facilities management and capture utility data from the many contractors.
LaRC's field crews routinely used paper maps to locate items for maintenance and troubleshooting purposes. Based on a 2003 interview, the current operations and maintenance contractors were being trained on GIS. The plan was to fully integrate the maintenance management system with GIS so that preventative maintenance and nonemergency tasks could be planned and managed using spatial technology (Johnson Controls, interview, June 6, 2003) . The vision foresees in a few years that preventative maintenance crews will use mobile technology to reduce paperwork (Johnson Controls, interview, June 6, 2003) .
However, there was consensus among the LaRC facilities systems managers and contractors that AEC services will continue to need both electronic maps and paper drawings with details and profiles (Hernandez Engineering, interview, June 12, 2003; Johnson Controls, interview, June 6, 2003) . All interviewees reported that the legacy paper and CADD systems worked very well at LaRC in terms of safety. The facilities managers and contractors also noted the importance of accurate, detailed drawings for the construction dig-permit system due to the multiple utilities in a limited spatial area, the many abandoned systems throughout the center, and the high level of construction activity at the center.
LaRC staff anticipated that there will also be security and emergency management-related uses for GIS. In addition, security has existing needs for mobile capability that can be enhanced with the availability of spatial information. However, NASA headquarters had not provided guidance to LaRC on GIS security applications as of summer 2003, and LaRC security staff had not assessed their spatial data needs. Therefore, the author conducted the summer 2003 Pilot project completed for the electrical utility system that integrates the maintenance management system with a GIS version of FUED Future
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Integration of GIS version of FUED with asset management systems for all utility systems Potential use of GIS Observation Overall 1. Implementation of the utilities GIS will likely result in many more uses of the spatial data. 2. The spatial data output needs include computer-aided design and drafting (CADD), GIS, and paper formats. 3. NASA civil service personnel should maintain ownership of all spatial and nonspatial data for the utilities at LaRC. 4. LaRC can use its consolidated facilities contract to optimize the use of spatial data among the various software systems and applications; however, LaRC will be responsible for the overall quality of the data.
5. NASA headquarters and/or LaRC personnel should develop a set of measures that can be used to evaluate the usefulness of the CADD/GIS system for utilities at LaRC over time. The ideal time to begin implementing this longitudinal evaluation system is just prior to the finalization of the utility GIS so that the baseline data can be collected.
Asset management 1. LaRC's spatial needs span the life cycle of the utilities systems from planning to design, construction, operation, maintenance, replacement, and emergency response.
2. The utilities GIS should be integrated with the full costing system and the maintenance management systems; user interfaces may be needed to utilize the information databases efficiently.
3. There are many potential network analysis applications that can be developed for the utility systems using GIS as long as various rules are followed for topology, connectivity, and so on.
Engineering and construction 1. The dig-permit system should remain the most critical application. services 2. Services will continue to require annotated drawings with exact coordinate geometry. Security 1. There are many potential security-related applications that can be developed for the utility systems using GIS. 2. A security protocol is needed for the spatial and nonspatial utilities data in terms of what information can be released to LaRC personnel, the community, and the general public. Communication 1. Relevant as-built drawings should be available as CADD files that can be used as background for GIS analyses (similar to how an aerial photo is used), and can be placed into a GIS layout for presentation purposes.
2. For Web users, the as-built sector drawing can be available as a useable CADD file and as a portable document format (PDF) file. 3. Users should have access to as-built drawings that are already completely annotated and formatted according to industry standards.
evaluation based on the assumption that LaRC is responsible for sensitive national missions, is affected by homeland security objectives, is adjacent to the Langley Air Force Base, and uses several community-wide utility systems. Homeland security includes risk assessment and planning, mitigation, preparedness, response, and recovery functions (ESRI, 2001b) . The National Strategy for Homeland Security further states that America's information systems need to be improved primarily because systems at federal agencies are not typically compatible with those at state and local communities. The strategy uses the September 11, 2001 attacks as an example of the lack of interoperability that has occurred over the past decade (Office of Homeland Security, 2002).
LaRC's Attempt to Meet the Standards
In terms of the GIS data model, LaRC has extensive information from the legacy data. However, a shift to an integrated CADD/GIS system will require changes to LaRC's data collection protocol. For example, LaRC's method for collecting elevation data should be changed so that the surveyor collects actual coordinates for the end points and intersection points of lines, as well as the other major assets. In terms of GIS, the spatial data model was not developed following current standards. Several features and associated attribute data were missing but are needed for topology purposes and associated network analysis. These features include pumps and tanks. Spatial accuracy of the summer 2003 GIS varied considerably because of the various sources for information. No metadata existed for the CADD version of FUED. Metadata was not created for the GIS version of FUED as of summer 2003. As stated, LaRC's staff is using the FUEDs both as a vector data model for GIS development and as an as-built for utilities at LaRC. As-built drawings require excellent accuracy, precise coordinate geometry, and detailed annotation text to prevent accidents and inform users of asset locations. Such detailed information needs to be clearly visible on the electronic and paper copies to inform users of the relative locations of the various constructed facilities to prevent accidents. Though CADD as-built drawings can be used with GIS, a stand-alone GIS with all of the attribute data stored in linked databases is insufficient for construction activities in the event that critical details need to be displayed on the graphic for field crews.
The CADD/GIS Center's guidelines related to integration state that interoperability problems can be prevented by avoiding the use of certain graphic elements, converting complex graphic elements to simpler forms, using simple and standard text fonts, and controlling layering and symbology. In terms of CADD, FUED includes very complicated graphic elements, nonstandard symbology, repetitive layers, repetitive text, the wipe-out line type, noncontinuous lines, open polygons, and overlaps and gaps in features. The FUED is not in the LaRC coordinate system, and the annotation text regarding the spatial data refers to an old reference datum. Various aspects of the utilities, such as valves, are not included on the CADD data.
Accuracy is the most complicated issue to address for the spatial utilities data at LaRC because of the various uses for the data, and the various data sources. As stated, LaRC does not have its own as-built accuracy standards; therefore, the FGDC recommendations based on military facilities are the best available information. These accuracy standards vary depending on the uses of the spatial data. LaRC personnel may use the GIS more for asset management than for the dig-permit system. However, the consequences of the dig-permit system are more significant in terms of safety and interruption of services. As a consequence, the GIS should be based on the more stringent as-built accuracy standards. Unfortunately, there are many possible sources of error for the LaRC geospatial utilities data. Some of these errors exist from the original Mylars in terms of measurement and coordinate calculation, manual plotting of coordinates, distortion, and digitization. Other errors exist from consolidation of the individual electronic sector drawings, datum transformations, global positioning system (GPS) measurement errors, approximation of additional infrastructure details from nongeoreferenced drawings, and data entry as part of the GIS processing. A recent article suggests that when joining discrete CADD files, the layers should be "best fit" within CADD to known control points and ortho photography as opposed to arbitrarily using part of the drawing as the origin (Noonan & Cisson, 2001 ). The article also states that another source of error can occur when the rubber sheeting is done outside of CADD for each layer separately (Noonan & Cisson, 2001) . Unfortunately, LaRC relied on both procedures.
The author completed several accuracy checks as part of the evaluation. Eight random pairs 5 of original Mylar sectors from across the LaRC site were copied and compared to determine if there were discrepancies. 6 Overall, the random check showed discrepancies in the utility locations of between 1 to 2 feet at the sector border. One of the sector pairs had two instances where the discrepancies at the border were 3 feet and 5 feet.
The author placed the FUED model as a background layer to the GIS layers for the water system. The GIS spatial model for the water system and the FUED model should have matched exactly, as the reference datum was converted the same way for both files. However, in several locations, assumptions made to the GIS altered the locations of the water utility systems so that they conflicted with the CADD model. An example (not isolated) of the discrepancy is shown in Figure 2 , wherein nongeoreferenced drawings were used to insert an active water line. How-ever, the line is actually part of the abandoned network that the GIS developer did not include. In addition, the nongeoreferenced details did not provide accurate spatial information to locate the line, regardless of its operational status.
LaRC's GIS staff previously compared the known locations of 5 of 20 Langley geodetic control network monuments to their locations in the respective FUED model. The comparison showed an average horizontal difference between the two data sets of 0.744 feet (0.227 meters). LaRC staff had also GPSed a larger number of monuments outside of the geodetic control network for an additional accuracy check. Of these monuments, 37 were compared to the annotation text recorded on the FUED model. Similarly, 29 monuments were compared to the actual coordinates of the monuments in the electronic FUED model. The comparisons show average horizontal differences, excluding one outlier, between the two data sets of 0.79 feet (0.24 meters) for the annotation text and 1.02 feet (0.311 meters) for the actual coordinates.
LaRC also collected real-time kinematic ( The author also checked (see Figure 4 ) the integrity of the AutoCAD coordinate transformation tool used to convert the FUED model to the GIS model. The locations of seven fire hydrants from FUED were manually converted using the National Geodetic Survey's NADCON tools. The author compared these data to the corresponding GPS data and found an average difference of 0.35 meters. For the same hydrants the average difference between the GPS data and the GIS data transformed with AutoCAD was 2.15 meters (7.05 feet). In addition, the individual difference between the GIS data and the manually converted data for each location was almost the same as the corresponding difference between the GIS data and the GPS data.
The author RTK GPSed 52 manholes at LaRC during summer 2003. The data set included manholes across LaRC from the storm sewer, sanitary sewer, telephone, and electrical systems. The author compared the GPS data to both the GIS locations converted using the AutoCAD coordinate system transformation and the GIS locations created using the ESRI ArcToolbox coordinate system transformation tool. The average difference between the GPS data and the ArcToolbox data, excluding one outlier, was 0.64 meters, or 2.1 feet. The average difference between the GPS data and the GIS data (AutoCAD coordinate system transformation) was 1.28 meters, or 4.2 feet.
In the final part of the evaluation, the author considered the best technology for LaRC to achieve sustainable interoperability for life-cycle utility management, as summarized in Table  6 . This consideration assumed that LaRC's CADD for the utilities systems will be updated to reflect industry and federal standardization as discussed above, and its spatial accuracy is improved. It is clear that LaRC needs both CADD and GIS, because LaRC facility managers are responsible for every stage of the life cycle of the utilities infrastructure. To complete the lifecycle use of spatial data, customized interfaces will be needed to integrate the operation and maintenance aspects with the integrated CADD/GIS.
Because interoperability is best achieved with one spatial model, and LaRC's AEC needs require annotated and accurate as-builts, CADD should be the software technology choice. However, the choice is not as clear for the facility's GIS attributing and analysis needs. LaRC's CADD software (AutoCAD Map) supports GIS, however, LaRC has invested considerable resources in alternate GIS technology (ESRI's ArcGIS). This alternate technology may be more user friendly for non-AEC staff, the likely primary users of the data.
7 As such, the evaluation concluded that LaRC's current approach of using CADD and GIS technologies should be continued but should be enhanced so that the two systems are considered an integrated system. This recommendation will require a change in approach from LaRC's GIS and facility managers. 
Conclusion
The objective of the project described in this article sought to evaluate LaRC's current spatial data project for utilities management. The evaluation focused on the procedure to transform the existing CADD utilities database to a GIS format, the CADD/GIS needs for the utilities within the overall GIS context at LaRC, and the future plans for utility management at LaRC. The evaluation process reviewed relevant documentation, researching relevant literature including federal standards, interviewing potential users of the CADD and GIS, and interviewing developers of the GIS.
This evaluation concluded that LaRC needs both CADD and GIS and will have to design a system that is interoperable. Using CADD and GIS is consistent with current industrial practice, particularly when the owner of the data is also responsible for the complete life cycle of the infrastructure. The CADD spatial model is needed to produce the drawings with detailed annotation and coordinate geometry necessary for AEC purposes. The GIS model is needed to support the substantial attribute information that can be integrated with asset management systems. As shown in Figure 5 and Table 6 , the most favorable approaches are to use a best-of-breed approach where GIS users rely on direct read and CADD users rely on shared access. Unfortunately, current software does not support a completely interoperable CADD/GIS system, though efforts by companies such as ESRI and Bentley are promising. This means that in the short term, the spatial model has to be duplicated between the CADD and GIS platforms.
The most important aspect in designing an interoperable system maintains one spatial model used by both the CADD and GIS software. Interoperability requires fairly close mapping and spatial consistency between CADD and GIS models. LaRC needs to go back and improve its CADD model in terms of critical spatial data and then use it for GIS attributing and topology. A related issue determines the most critical uses of the spatial model and design for such accuracy. The most critical use of the utilities spatial model at LaRC is the dig-permit system, due to the consequences stemming from a very congested utilities layout. For LaRC, the accuracy of the spatial data that supports the dig-permit system should meet stringent as-built standards.
The evaluation showed that improvements to the overall spatial accuracy are needed for LaRC's CADD and GIS models. Careful use of LaRC's RTK GPS network obtains improvements and thereby updates the CADD spatial model. Integrating a CADD/GIS system is an ongoing process. As such, a detailed quality control plan is needed for each stage of the project. A third-party review of the procedure at various stages is also recommended.
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The most important aspect in designing an interoperable system is to maintain one spatial model used by both the CADD and GIS software. 
